Introduction
============

Brainstem gliomas (BSGs) are rare tumours that occur in the midbrain, pons, and medulla oblongata. BSGs are more commonly found in children and account for 10% of all paediatric brain tumours, while BSGs represent only up to 2% of all adult brain tumours [@B1]. Patients with low-grade BSGs, which are defined as WHO (World Health Organization) grades I and II, have been reported to have a median survival time of 26.2 to 87.3 months [@B2]-[@B4]. However, patients with high-grade BSGs (WHO grades III and IV) have a dismal prognosis, with a median survival time of 9.8 to 17 months [@B2],[@B5],[@B6]. Current BSG treatment strategies include biopsy and/or microsurgery for a pathological diagnosis followed by adjuvant therapy, such as chemotherapy, radiotherapy, or targeted drugs [@B4],[@B7]. Radiotherapy is the standard treatment for BSGs, and a total dose of 54 greys (Gy) in daily fractions of 1.8 Gy to 2.0 Gy is most commonly used; however, irradiation can only transiently alleviate tumour progression [@B8],[@B9]. Chemotherapy does not have any significant effect on the outcome [@B10]. Moreover, there are some reports of salvage targeted therapy with bevacizumab and experimental treatments with etoposide, paclitaxel, and tamoxifen; the challenge comes from the lack of tumour-specific targets [@B6],[@B11]. Thus, the treatment of BSGs is difficult, and new research breakthroughs are needed.

MicroRNAs (miRNAs) are small non-coding endogenous RNA molecules of approximately 21 nucleotides in length that silence genes by the post-transcriptional regulation of protein expression [@B12]. miRNAs can bind to the 3\'-untranslated regions of target mRNAs and regulate gene expression by inhibiting mRNA translation or degrading the mRNA transcripts. According to their expression levels and major target genes, miRNAs may act as oncogenic miRNAs or tumour suppressor miRNAs in cancer development and progression [@B13]. Studies have shown that miRNAs are associated with angiogenesis, invasion, and altered metabolism in gliomas. For example, Babae et al recently found that miR-7 is downregulated in gliomas and inhibits angiogenesis by targeting O-linked-N-acetylglucosamine transferase [@B14]. miR-21 is upregulated in gliomas and promotes invasion by targeting specific inhibitors of matrix metalloproteases (MMPs), such as reversion-inducing-cysteine-rich protein with kazal motifs (RECK), myristoylated alanine-rich C-kinase substrate protein (MARCKS) and tissue inhibitors of metalloproteases 3 (TIMP3) [@B15],[@B16]. miR-451 is upregulated in gliomas and promotes tumour cell proliferation and migration by directly targeting coenzyme A biosynthesis protein 3 (CAB3) [@B17],[@B18]. Since miRNAs do not perfectly hybridize with their target mRNAs, they can target thousands of genes whose protein products function in a variety of signalling pathways, which may affect multiple pathways and networks in carcinogenesis, making miRNAs promising targets for effective treatment.

Since miRNAs regulate transcript stability and the translation of many target genes involved in the development and progression of gliomas, studies of the regulatory relationship between miRNAs and their target genes are useful. However, studies concerning grade-associated miRNAs in BSGs based on human tissues are scarce. In the present study, the expression profiles of miRNAs in 25 BSG tissue samples were obtained by using microarrays. Functional differentially expressed miRNAs (DE-miRNAs) in low- and high-grade BSGs were screened by Student\'s t-tests, Kaplan-Meier survival plots and log-rank tests. We predicted the genes targeted by the functional DE-miRNAs, and we also characterized their underlying molecular mechanisms by Gene Ontology (GO) term analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. Furthermore, protein-protein interaction (PPI) networks of the predicted target genes were constructed. To the best of our knowledge, this study was the first to explore the differential expression of functional DE-miRNAs between high- and low-grade brainstem gliomas and to predict the related target genes and their pathways through bioinformatics analysis. The present study aimed to explore the molecular mechanisms underlying BSGs and to identify effective prognostic predictors and promising therapeutic targets of BSGs.

Materials and methods
=====================

Cohort and samples investigated
-------------------------------

Samples were collected from patients with BSGs who underwent microsurgical treatment in Beijing Tiantan Hospital between 2013 and 2017. We used strict exclusion criteria that included the following: 1) patients whose inpatient records were missing; 2) patients whose follow-up records were missing; 3) patients with ambiguous histopathologic diagnosis; and 4) patients whose tumour tissue did not meet the requirements of the miRNA arrays. The Beijing Tiantan Hospital Research Ethics Committee approved this study, and written informed consent was obtained from the subjects\' parents. Histological data were reviewed to confirm the diagnosis. All the pathologic sections were observed by at least two experienced pathology experts.

Clinical data analysis
----------------------

The clinical data, including age, sex, Karnofsky performance scale (KPS), pathological diagnoses, adjuvant therapies and overall survival (OS), were acquired from inpatient records and follow-up data. Follow-up was conducted mainly by telephone interviews because most patients were unable to revisit the hospital.

Establishment of BSG cell lines, cell culture and transfection
--------------------------------------------------------------

In previous studies, we successfully established 8 BSG cell lines (TT10603, TT10728, TT10902, TT11118, TT11201, TT10630, TT10714 and TT11111), and all the patients were diagnosed with high-grade gliomas (3 cases of grade III anaplastic astrocytoma AA, 2 cases of grade III anaplastic oligodendroastrocytoma AOA, and 3 cases of grade IV glioblastoma GBM) [@B19]. The protocol was approved by the Beijing Tiantan Hospital Research Ethics Committee, and written informed consent was obtained from the subjects\' parents.

We selected 3 BSG cell lines, of which 2 (TT10728 and TT11201) were grade IV GBM and one (TT10630) was grade III AA. Cells were plated in poly-L-ornithine (PLO)/laminin-coated 6-well plates. The composition of the serum-free medium was as follows: DMEM (GIBCO, USA), L-glutamine, sodium pyruvate, B27, N2, insulin (20 µg/ml), bFGF (20 ng/ml), EGF (20 ng/ml), PDGFAB (20 ng/ml) and heparin (10 ng/ml) (Invitrogen, USA). All cell lines were maintained at 37°C in a fully humidified incubator with 5% CO~2~. The hsa-miR-34a-5p mimic and negative control were obtained from RiboBio (Guangzhou, China). Transfection was performed using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer\'s instructions.

Transwell cell invasion assays
------------------------------

Transwell filters (Costar, USA) were coated with 100 μl of 2% Matrigel (BD Biosciences, USA) on the upper surface of the polycarbonic membrane (diameter, 6.5 mm; pore size, 8 mm). Following a 60-min incubation at 37°C, the Matrigel solidified and served as an extracellular matrix for tumour cell invasion analysis. BSG cells at 5×10^5^ cells/100 μl of serum-free DMEM were seeded into the upper chamber. The lower chambers were filled with medium containing 10% foetal bovine serum. After 12 h, the migrated cells were fixed in methanol for 5 min and stained with crystal violet for 15 min. To quantify the migrating cells, cells on the upper surface of the membrane were removed using a cotton-tipped swab and were then visualized by phase-contrast microscopy and photographed. The cells in nine random microscopy fields (×100 magnification) were counted per well, and the mean was calculated.

Western blot analysis
---------------------

Cells were harvested, and protein extracts were obtained by lysing the cells with lysis buffer \[1% NP-40, supplemented with a complete protease inhibitor tablet (Sigma, USA)\] on ice. Equal amounts (50 mg) of protein were electrophoresed on 10% SDS-PAGE gels and then transferred to PVDF membranes. After blocking with 5% skim milk for 120 min, the membranes were probed with primary antibodies overnight at 4°C. Primary antibodies specific for the following were used: β-actin (Santa Cruz, USA), CDK4 (Cell Signaling Technology, USA), CCNE1 (Proteintech, China), CDC25A (Cell Signaling Technology, USA), DDX21 (Abcam, UK), VEGFA (Santa Cruz, USA), c-MYC (Cell Signaling Technology, USA), CDC25C (Santa Cruz, USA) and LDHA (Cell Signaling Technology, USA). Then, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody \[goat-anti-mouse IgG (Sigma, USA) (1:2000) and goat-anti-rabbit IgG (Sigma, USA) (1:3000)\] for 1 h. After incubation with a chemiluminescence substrate, photographs were acquired with an Image Reader LAS-4000 (Fuji, Japan) and analysed by means of the Multi Gauge V3.2 software. β-actin was used as internal standard.

Microarray analysis
-------------------

Total RNA including miRNAs was extracted from all samples using TRIzol reagent (Invitrogen). RNA samples were purified by mirVana™ miRNA Isolation Kit (Ambion). miRNAs were labelled using the FlashTag™ Biotin RNA Labeling Kit and then hybridized onto Affymetrix GeneChip miRNA 4.0 Arrays. Statistical analysis was performed with the statistical computing software R (version 3.4.3). Additional software packages, including oligo (version 1.44.0), DOSE (version 3.6.1), clusterProfiler (version 3.8.1), ggplot2 (version 3.0.0) and pheatmap (version 1.0.10), were taken from the Bioconductor project. Key codes and parameters are showed in Table [S4](#SM0){ref-type="supplementary-material"}. The raw array data are available on the GEO website (GSE112009).

Screening for functional DE-miRNAs
----------------------------------

Data analysis of the probe level data used a background-adjusted and normalized robust multi-array average (RMA) [@B20]. The FPKM gene expression levels were used in the analysis. Student\'s t-tests were conducted between low- and high-grade BSG samples, and miRNAs with p-values \<0.05 and fold change (FC) \>2 were selected as DE-miRNAs. To filter out the weakly functional miRNAs and obtain meaningful functional DE-miRNAs, we divided the samples into two groups according to the expression of each DE-miRNA. The median DE-miRNA expression level was set as the cut-off point, and survival rates were compared via Kaplan-Meier curves and log-rank tests. Statistical significance was defined as a p-value \<0.05. Analyses were conducted using SPSS statistical software (version 23.0, IBM, USA). The mean values of each group were used in the cluster analysis in R.

Prediction of genes targeted by functional DE-miRNAs
----------------------------------------------------

The miRWalk2.0 database generated possible miRNA-target interactions by gathering information from 12 types of existing prediction software (e.g., Targetscan, miRanda and RNAhybrid) [@B21]. In the present study, miRWalk2.0 was used to predict the target genes of the functional DE-miRNAs. Only the target genes commonly predicted by at least 9 types of prediction software in miRWalk2.0 were selected and defined as potential target genes.

GO term and KEGG pathway analyses
---------------------------------

The functional enrichment of the target genes of the functional DE-miRNAs was assessed based on the GO [@B22] term and KEGG [@B23] pathway annotations. GO term and KEGG signalling pathway analyses were performed in R, which carried out the standard hypergenometric test. p-values \<0.001 and q-values \<0.01 were considered statistically significant for the GO term enrichment analysis, while p-values \<0.001 and q-values \<0.01 were considered statistically significant for the KEGG pathway analysis.

PPI network construction
------------------------

To evaluate the interactive relationships among the target genes, we mapped the target genes to the STRING database (<http://string-db.org>) [@B24], and only the interactions with a combined score \>0.4 were considered significant. The degree of connectivity in the network was analysed using Cytoscape software (version 3.6.0) to obtain the significant nodes or hub proteins in the PPI network [@B25].

Identification of grade-associated miRNAs validated with BSG samples and quantitative real-time PCR
---------------------------------------------------------------------------------------------------

BSG tissue-derived RNA was used to validate the grade-associated miRNAs obtained by bioinformatics analysis. Total RNA was extracted from the tissues and cells using TRIzol reagent. cDNAs were synthesized with Superscript II reverse transcriptase (Invitrogen), according to the manufacturer\'s instructions. Quantitative real-time PCR (q-PCR) was conducted to detect the miRNA using the SYBR Premix Ex Taq^TM^ II (Tli RNase H Plus) Kit (TaKaRa, Japan) and a QuantStudio™ Dx Real-Time PCR Instrument (Thermo Fisher Scientific, USA). The small nuclear RNA U6 was used as an internal normalization reference for miRNAs. Primers for functional DE-miRNAs and U6 were synthesized by Invitrogen (Shanghai, China). Specific primers are shown in Table [S1](#SM0){ref-type="supplementary-material"}. BSG samples were divided into two groups according to WHO grades (grades I and II vs. grades III and IV). Means were compared between the two groups by the Mann-Whitney U test or Student\'s t-test as appropriate. Statistical significance was defined as p-value \<0.05. Analyses were conducted using SPSS software.

Results
=======

Clinical features
-----------------

Twenty-five patients with BSGs who underwent microsurgical treatment were retrospectively analysed (Table [1](#T1){ref-type="table"}). The mean age at diagnosis was 16.75±15 years (range 5-54). No difference in gender was found (14 males vs. 11 females). According to the results of the pathological diagnoses, 10 had low-grade BSGs (WHO grades I and II) and 15 had high-grade BSGs (WHO grades III and IV). After discharge from our hospital, 15 patients received adjuvant therapies, and the detailed treatment plans are also shown in Table [1](#T1){ref-type="table"}.

Survival analysis showed that the median OS was 13.2 months. More specifically, the median survival was 20.3 months in patients with low-grade BSGs and 10.1 months in patients with high-grade BSGs. At the time of this analysis, 17 of the 25 cases (68%) had died. Among those who died, 15 had high-grade BSGs and 2 had low-grade BSGs.

Twenty-eight functional DE-miRNAs and 2546 target genes were identified
-----------------------------------------------------------------------

The total DE-miRNAs were selected based on the screening process (Figure [1](#F1){ref-type="fig"}A). According to the results of the Kaplan-Meier survival curves, 28 functional DE-miRNAs, which included 13 upregulated and 15 downregulated miRNAs in high-grade BSGs compared with the corresponding levels in low-grade BSGs, were selected (Figure [1](#F1){ref-type="fig"}B, 2 and S1, Table [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}). Based on the FC, hsa-miR-1290, hsa-miR-130b-3p and hsa-miR-18a-3p were the top three most upregulated miRNAs and hsa-miR-31-5p, hsa-miR-34a-3p and hsa-miR-34a-5p were the top three most downregulated miRNAs. miRWalk2.0 was used to predict the target genes of the functional DE-miRNAs and generated 2546 potential target genes, including 1179 genes that were potential targets of the upregulated miRNAs and 1367 genes that were potential targets of the downregulated miRNAs.

GO term and KEGG pathway enrichment analyses
--------------------------------------------

GO term and KEGG pathway enrichment analyses were performed on the potential target genes. The enriched GO terms for the target genes are presented in Table [4](#T4){ref-type="table"} and [5](#T5){ref-type="table"}. For the target genes of the upregulated functional miRNAs, the top 3 enriched GO terms were axonogenesis, axon development and tube morphogenesis in the biological process (BP) category; endosomal part, transcription factor complex and axon in the cellular component (CC) category; and transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding; transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding and transcriptional activator activity, RNA polymerase II core promoter proximal region sequence-specific binding in the molecular function (MF) category. Similarly, for the target genes of the downregulated functional miRNAs, the top 3 enriched GO terms were gland development, axonogenesis and axon development in the BP category; dendrite, axon and neuronal cell body in the CC category; and transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding, transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding and core promoter proximal region DNA binding in the MF category. The enriched KEGG pathways (Figure [3](#F3){ref-type="fig"}A) for the target genes of the upregulated functional miRNAs included axon guidance, endocytosis, autophagy-animal, signalling pathways regulating the pluripotency of stem cells, the FoxO signalling pathway, and transcriptional misregulation in cancer and glioma. For the downregulated functional miRNAs, the enriched KEGG pathways (Figure [3](#F3){ref-type="fig"}B) included proteoglycans in cancer, the AMPK signalling pathway, the HIF-1 signalling pathway, the PI3K-Akt signalling pathway, axon guidance, the Hippo signalling pathway, the Wnt signalling pathway, the MAPK signalling pathway and the mTOR signalling pathway.

Construction and analysis of the PPI network
--------------------------------------------

Data from the STRING database showed that many of the target genes interacted with each other. To better visualize these interactions, the top 15 hub nodes with higher node degrees were selected (Table [6](#T6){ref-type="table"}). For the upregulated functional miRNAs, the hub genes were PHLPP2, APP, BCL2, RB1, CCND1, SMAD4, RBBP7, ESR1, KAT2B, NEDD4L, CUL3, ATG7, CLTC, ITCH and UBE2B. Among these genes, PHLPP2 showed the highest node degree (degree=80). For the downregulated functional miRNAs, the hub genes were VEGFA, NOTCH1, BCL2, FOS, HDAC3, PPP3CA, SIRT1, SP1, CFTR, KDR, MYB, ACTR1A, PRKCA, VAMP2 and DICER1. Among these genes, VEGFA showed the highest node degree (degree=58).

As shown in Figure [4](#F4){ref-type="fig"}, a regulatory network of the top hub genes was constructed. PPI analysis showed that the network of hub genes for the upregulated functional miRNAs consisted of 38 edges, and the network of hub genes for the downregulated functional miRNAs consisted of 45 edges.

Validated grade-associated functional DE-miRNAs and hub genes in BSG samples
----------------------------------------------------------------------------

We extracted RNA from 29 BSG tissues, including 17 high-grade BSGs and 12 low-grade BSGs, to validate the grade-associated miRNAs and hub genes obtained by the bioinformatics analysis. Total RNA was extracted from the tissues, and q-PCR was conducted to detect miRNA. Six of the 28 functional DE-miRNAs (hsa-miR-130b-3p, hsa-miR-19a-3p, hsa-miR-20a-5p, hsa-miR-106a-5p, hsa-miR-34a-5p and hsa-miR-195-5p) were proven to be grade-associated functional DE-miRNAs (Figure [5](#F5){ref-type="fig"}A-F and Table [S2](#SM0){ref-type="supplementary-material"}). Next, using q-PCR assays, we determined the expression of the top 8 hub genes according to degrees in all the BSG tissue RNA samples. We found that 3 of 8 hub genes, APP, PHLPP2 and VEGFA, were proven to be differentially expressed between low- and high-grade BSGs (Figure [5](#F5){ref-type="fig"}G-I). Finally, we detected in BSG tissues the expression of mir-7, mir-21 and mir-451, which have been shown to be differentially expressed between low- and high-grade supratentorial gliomas. We found that none of these 3 miRNAs are differentially expressed between low- and high-BSGs.

GO term, KEGG pathway enrichment and PPI network analyses of validated grade-associated functional DE-miRNAs
------------------------------------------------------------------------------------------------------------

Because six of the 28 DE-miRNAs showed significantly different expression levels between the high- and low-grade BSGs, the analysis of the target genes of these six DE-miRNAs was expected to be more meaningful. miRWalk2.0 was used to predict the target genes of these 6 validated DE-miRNAs and generated 1346 potential target genes. The enriched GO terms for the target genes are presented in Table [S3](#SM0){ref-type="supplementary-material"}. For the target genes of these 6 validated DE-miRNAs, the most enriched GO terms were positive regulation of transcription from RNA polymerase II promoters in the BP category, nucleoplasm in the CC category, and protein binding in the MF category. The most enriched KEGG pathway for the target genes of these 6 DE-miRNAs was pathways in cancer. The PPI analysis showed that the top 20 hub genes were UBC, PHLPP2, MAPK3, VEGFA, NOTCH1, PIKFYVE, BCL2, CCND1, ESR1, SIRT1, RB1, KRAS, SMAD4, NEDD4L, NFKB1, KDR, SMURF1, BTRC, IGF1R and APP according to the degree of expression.

hsa-miR-34a-5p inhibits BSG cell invasion*in vitro*
---------------------------------------------------

To study the functional roles of miRNAs in BSGs, we chose hsa-miR-34a-5p, one of the most downregulated miRNAs in tissues, to construct a cell model of over expression. Three BSG cell lines, TT10728, TT11201 and TT10630 (Figure [6](#F6){ref-type="fig"}A), with relatively low levels of hsa-miR-34a-5p expression were used to construct cell models of over expression for studying the function of hsa-miR-34a-5p. Real-time PCR assays confirmed that the hsa-miR-34a-5p level in the BSG cells was changed (Figure [6](#F6){ref-type="fig"}B). We then tested the influence of hsa-miR-34a-5p on cell behaviour. The transwell assay showed that hsa-miR-34a-5p significantly inhibited cell invasion compared with the control (Figure [6](#F6){ref-type="fig"}C-E). This result indicated that hsa-miR-34a-5p may affect BSG cell invasion *in vitro*.

Validated dysregulated target genes of hsa-miR-34a-5p in BSGs
-------------------------------------------------------------

To verify the effect of abnormal miRNA expression on the miRNA-target genes, two BSG cell lines, TT11201 and TT10630, were chosen to construct cell models of miR-34a-5p over expression. Total RNAs and proteins were extracted, and the transcription and protein levels of dysregulated target genes were determined via q-PCR and immunoblot assays, respectively. We found that the transcription levels of some target genes, including CDK4, CCNE1, CDC25A, DDX21, VEGFA, c-MYC, CDC25C and LDHA, were downregulated in two cell lines (Figure [7](#F7){ref-type="fig"}A). Moreover, in the TT10630 cells, the protein levels of CDK4, CCNE1, CDC25A, DDX21, VEGFA, c-MYC and CDC25C were downregulated, while the protein levels of CDK4, CCNE1, CDC25A, DDX21, VEGFA and LDHA were downregulated in the TT11201 cells (Figure [7](#F7){ref-type="fig"}B). These results indicated that miR-34a-5p could downregulate some of its targets in BSG cells.

Discussion
==========

The TNM staging system used for somatic tumours is not used for tumours in the central nervous system, which are instead classified according to guidelines developed by the WHO; these guidelines are important for determining the appropriate treatment and evaluating the prognosis. According to this classification, gliomas are classified into 4 grades, from grade I (the lowest malignancy and the best prognosis) to grade IV (the highest malignancy and the worst prognosis) [@B26]. Among the four grades, WHO grades I and II are classified as low-grade gliomas, and WHO grades III and IV are classified as high-grade gliomas. In the present study, bioinformatics analyses were performed to investigate the miRNA-mediated mechanism differentiating between low- and high-grade BSGs and to identify the molecular targets of those miRNAs. Initially, we identified the DE-miRNAs between low- and high-grade BSG tissues based on the Affymetrix GeneChip miRNA 4.0 Arrays. Then, according to the expression of each miRNA, we used Kaplan-Meier survival analysis to select 28 functional DE-miRNAs that affect the prognosis of BSGs, including 13 upregulated miRNAs and 15 downregulated miRNAs. Next, using the online target gene tool of miRWalk2.0, we identified the potential target genes of these functional DE-miRNAs. The GO term and KEGG pathway enrichment analyses showed that these target genes may participate in many important cancer-related biological processes, molecular functions and signalling pathways. The PPI network analysis predicted the significant hub genes and the specific connections among them.

Among the functional DE-miRNAs, we found that hsa-miR-1290 (upregulated) and hsa-miR-31-5p (downregulated) have the greatest FC in expression between low- and high-grade BSG tissues. hsa-miR-1290 has been previously reported to be overexpressed in glioma cells and tissues and promotes the proliferation, migration and invasion of glioma cells by targeting LHX6 [@B27]. hsa-miR-31-5p has been found to be regulated by TNFα and attenuates growth and proliferation in U-251 cells [@B28]. These two miRNAs (hsa-miR-1290 and hsa-miR-31-5p) have not been systemically studied in BSGs before. Their mechanisms as oncogenes or tumour suppressor genes in BSGs should be investigated.

MicroRNAs have been extensively studied in supratentorial gliomas. miR-7, miR-21 and miR-451 are among those that have been analysed. Previous studies have shown that miR-7 is downregulated in gliomas and inhibits angiogenesis by targeting O-linked-N-acetylglucosamine transferase, whereas miR-21 is upregulated in gliomas and promotes invasion by targeting specific inhibitors of MMPs, and miR-451 is upregulated in gliomas and promotes tumour cell proliferation and migration by directly targeting CAB3. According to our study, none of these miRNAs are differentially expressed between low- and high-grade BSGs. The reason may be that BSGs and supratentorial gliomas have different pathogeneses. This finding has not been previously reported, and further studies are needed.

The GO term and KEGG pathway enrichment analyses were performed on the target genes of the identified functional DE-miRNAs. For the target genes of upregulated functional DE-miRNAs, the most enriched GO terms were associated with axonogenesis at the BP level, the endosomal part at the CC level and transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding at the MF level, respectively. Furthermore, the most enriched GO terms of the target genes of downregulated functional DE-miRNAs were related to gland development at the BP level, dendrites at the CC level and transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding at the MF level, respectively. In addition, a KEGG pathway analysis was performed, and several pathways associated with BSGs were found among the highly enriched KEGG pathways. Axon guidance, endocytosis, signalling pathways regulating the pluripotency of stem cells, the FoxO signalling pathway, and transcriptional misregulation in cancer were identified as being enriched in the target genes of the upregulated functional miRNAs, and the AMPK signalling pathway, the HIF-1 signalling pathway, the PI3K-Akt signalling pathway, axon guidance, the Hippo signalling pathway, the Wnt signalling pathway and the MAPK signalling pathway were identified as being enriched in the target genes of the downregulated functional miRNAs. FOXOs have been shown to modulate cell death, proliferation and differentiation in gliomas [@B29], [@B30]. Moreover, FOXOs suppress MYC expression, induce apoptosis, decrease glycolysis and inhibit glucose uptake in gliomas [@B31]. AMPK is a conserved cellular energy sensor that is activated by metabolic stress to promote energy conservation and glucose uptake [@B32], and researchers found that activation of AMPK inhibits the growth of EGFRvIII-expressing glioblastomas [@B33]. HIF-1, acting as the key hypoxia regulatory factor, has been shown to be important in promoting both angiogenesis and invasion in gliomas [@B34]. Knockdown of HIF-1α in glioma cells reduces migration and impairs their ability to form tumour spheres [@B35]. Recently, evidence suggested that cytarabine attenuates the leptomeningeal metastasis of high-grade glioma by targeting the PI3K/Akt/ mTOR pathway [@B36]. The Hippo signalling pathway is considered a key player in the regulation of tumourigenesis, and inactivating the Hippo signalling pathway enhances stem cell-like phenotypes in glioblastoma [@B37],[@B38]. Extensive studies have shown that aberrant Wnt/beta-catenin signalling plays a key role in the development of glioblastoma, including in cell proliferation, cell apoptosis and cell invasion [@B39]. Alterations in the MAPK pathway have been found in 88% of adult glioblastomas [@B40]. It is a conserved signalling cascade that utilizes a series of protein kinases to transduce signals from the cell membrane to the nucleus and that plays a crucial role in mediating a range of biological functions, including cell growth, survival, and differentiation [@B41]. GO term and KEGG pathway enrichment analyses of the target genes further supports the potential involvement of DE-miRNAs in BSGs.

The PPI network of the target genes was constructed, and it was found that PHLPP2 and VEGFA were the hub genes that had the highest degrees of connectivity (80 and 58, respectively) among the targets of the upregulated and downregulated functional DE-miRNAs. PHLPPs have been described as survival/proliferation suppressors in various cancers [@B42] and were reported to be direct phosphatases for Akt [@B43]. Researchers have found that PHLPP2 is progressively lost in gliomas and acts as a true tumour suppressor, inactivating the IKKβ kinase to suppress the NF-κB pathway [@B44]. Furthermore, a large body of research indicates that VEGFA is the most potent mediator of tumour-induced angiogenesis in gliomas [@B45],[@B46]. Elevated VEGFA expression is correlated with both increased tumour micro-vessel density and an increased risk for glioma recurrence as well as a poor prognosis [@B47],[@B48]. These data support that PHLPP2 and VEGFA may be candidate targets associated with glioma malignancy, whereas their role in BSGs has remained largely unexplored.

We found that hsa-miR-34a-5p inhibits BSG cell invasion *in vitro.* hsa-miR-34a is commonly deleted in human cancers and, as shown here, is frequently absent in BSGs [@B49]. miR-34a has usually been considered to be a tumour suppressor in human gliomas through different mechanisms. Previous studies have found that miR-34a functions as a tumour suppressor by modulating EGFR and attenuates cell invasion and growth in GBM [@B50],[@B51]. Gao et al. found that the expression level of human miR-34a correlates with glioma grade and prognosis [@B52]. Moreover, miR-34a attenuated glioma cell progression and chemoresistance via targeting PD-L1 [@B53]. Although there have been many reports about the tumour suppressor effect of miR-34a in glioma, the role of this miRNA in BSGs was largely unclear, and in-depth studies regarding the mechanism of action of miR-34a are still needed.

Conclusions
===========

This study provides a comprehensive bioinformatics analysis of functional DE-miRNAs associated with WHO grades of BSGs. In total, 13 upregulated miRNAs and 15 downregulated miRNAs were identified, and 2546 target genes were selected. In addition, the target genes of the functional DE-miRNAs were determined to be associated with several significant signalling pathways in BSGs, such as the FoxO signalling pathway, the AMPK signalling pathway, the HIF-1 signalling pathway and the MAPK signalling pathway. Functional DE-miRNAs, such as hsa-miR-130b-3p and hsa-miR-34a-5p, and hub target genes, including PHLPP2 and VEGFA, are potential targets for the treatment of BSGs. We also found hsa-miR-34a-5p inhibits BSGs cell invasion *in vitro*. These findings significantly improve our understanding of the progression and malignancy of BSGs, and the functional DE-miRNAs together with their target genes are expected to be significant factors in the diagnosis of BSGs and important markers for the prognostic evaluation of BSGs.
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:   epidermal growth factor

EGFR

:   epidermal growth factor receptor

PDGFAB

:   platelet derived growth factor-AB GEO: gene expression omnibus

RMA

:   robust multi-array average

FC

:   fold change

BP

:   biological process

CC

:   cellular component

MF

:   molecular function

FOXO

:   forkhead box, class O

PD-L1

:   programmed death-ligand 1.

![**Summary of microarray results of miRNA expression in BSGs. (A)** Volcano plots of the distributions of miRNAs. **(B)** Cluster analysis of functional DE-miRNAs in 25 cases of BSG, data are presented as a heat map (*p* \<0.05).](jcav09p4463g001){#F1}

![**Survival rate calculated by the Kaplan-Meier survival curve in patients separated according to the expression level of each DE-miRNA.** The top 3 of upregulated and downregulated DE-miRNAs are presented, the rest 22 DE-miRNAs are shown in figure [S1](#SM0){ref-type="supplementary-material"}. **(A)** Kaplan-Meier analysis for hsa-miR-1290. **(B)** Kaplan-Meier analysis for hsa-miR-130b-3p. **(C)** Kaplan-Meier analysis for hsa-miR-18a-3p. **(D)** Kaplan-Meier analysis for hsa-miR-31-5p. **(E)** Kaplan-Meier analysis for hsa-miR-34a-3p. (F) Kaplan-Meier analysis for hsa-miR-34a-5p.](jcav09p4463g002){#F2}

![**KEGG pathway analysis of functional DE-miRNA target genes.** The top 15 enriched pathways are presented (*p*-values \<0.001 and *q*-values \<0.01). **(A)** For target genes of upregulated functional DE-miRNAs; **(B)** For target genes of downregulated functional DE-miRNAs.](jcav09p4463g003){#F3}

![**Gene regulatory network based on the top 15 hub target genes of the functional DE-miRNAs.** Orange represents the target genes of the upregulated miRNAs and blue represents the target genes of the downregulated miRNAs. **(A)** Upregulated miRNAs. **(B)** Downregulated miRNAs.](jcav09p4463g004){#F4}

![**Expression of miR-130b-3p, miR-19a-3p, miR-20a-5p, miR-106a-5p, miR-34a-5p, hsa-miR-195-5p, VEGFA, PHLPP2 and APP in samples from patients with BSGs. (A)** Expression level of miR-130b-3p. **(B)** Expression level of miR-19a-3p. **(C)** Expression level of miR-20a-5p. **(D)** Expression level of miR-106a-5p. **(E)** Expression level of miR-34a-5p. **(F)** Expression level of miR-195-5p. **(G)** Expression level of VEGFA. **(H)** Expression level of PHLPP2. (I) Expression level of APP.](jcav09p4463g005){#F5}

![**hsa-miR-34a-5p attenuate BSGs cell invasion *in vitro*. (A)** hsa-miR-34a-5p expression in five BSGs cell lines. **(B)** qPCR analysis of miR-34a-5p overexpression in TT10728, TT11201 and TT10630 cells transfected with a miR-34a-5p mimic. **(C)** Invasion of TT10728 cells transfected with miR-34a-5p mimic. **(D)** Invasion of TT11201 cells transfected with miR-34a-5p mimic. **(E)** Invasion of TT10630 cells transfected with miR-34a-5p mimic. The data are from three independent experiments. Error bars represent SEM. Fields are ×100 magnification. \*\*p \< 0.01, \*\*\*p \< 0.001.](jcav09p4463g006){#F6}

![**Validated dysregulated target genes of miR-34a-5p in BSGs. (A)** Relative mRNA expression of indicated miR-34a-5p targets. **(B)** Western blot of target genes expression of miR-34a-5p. \*p \< 0.05, \*\*p \< 0.01.](jcav09p4463g007){#F7}

###### 

Clinical characteristics of cases.

  Case No.   Age(y)/Sex   Alive/Dead   KPS   Adjuvant Therapy           Pathology Diagnosis   OS(m)   WHO Grade
  ---------- ------------ ------------ ----- -------------------------- --------------------- ------- -----------
  1          6/F          Alive        90    n.d.                       PA                    27.8    I
  2          7/F          Alive        100   Radiotherapy               PA                    48.0    I
  3          8/F          Alive        90    n.d.                       PA                    19.6    I
  4          8/F          Alive        70    Chemotherapy (VCR + CBP)   PA                    36.0    I
  5          13/M         Alive        90    n.d.                       PA                    50.5    I
  6          31/M         Alive        80    Radiotherapy               A                     17.0    II
  7          12/M         Alive        50    CCRT+TMZ                   A                     24.7    II
  8          18/M         Dead         0     n.d.                       A                     7.3     II
  9          6/F          Dead         0     CCRT+TMZ+CPT-11            OA                    25.2    II
  10         34/F         Alive        80    Radiotherapy               A                     18.4    II
  11         23/M         Dead         0     CCRT+TMZ                   AA                    18.9    III
  12         54/M         Dead         0     n.d.                       AA                    10.0    III
  13         7/F          Dead         0     CCRT+TMZ                   AA                    10.0    III
  14         8/M          Dead         0     Immunotherapy (PD-1)       AA                    5.5     III
  15         11/M         Dead         0     n.d.                       AA                    18.8    III
  16         18/M         Dead         0     n.d.                       GBM                   3.6     IV
  17         5/F          Dead         0     CCRT+TMZ                   GBM                   13.2    IV
  18         5/M          Dead         0     n.d.                       GBM                   1.7     IV
  19         7/M          Dead         0     CCRT                       GBM                   10.2    IV
  20         7/M          Dead         0     CCRT+TMZ                   GBM                   8.5     IV
  21         30/F         Dead         0     CCRT+TMZ                   GBM                   10.1    IV
  22         44/M         Dead         0     CCRT+TMZ+ gamma knife      GBM                   21      IV
  23         7/F          Dead         0     n.d.                       GBM                   4.0     IV
  24         5/M          Dead         0     CCRT+TMZ                   GBM                   9.0     IV
  25         7/F          Dead         0     n.d.                       GBM                   2.5     IV

*n.d.* not do; *OS* overall survival;*KPS* karnofsky performance scale; *PA* pilocytic astrocytoma; *A* astrocytoma; *OA* oligodendroid astrocytoma; *AA* anaplastic astrocytoma; *GBM* glioblastoma multiforme; *VCR* vincristine; *CBP* carboplatin; *CCRT* concurrent chemoradiotherapy; *TMZ* temozolomide; *CPT-11* Irinotecan; *PD-1* programmed cell death protein 1.

###### 

Functional DE-miRNAs upregulated in high grade BSGs compared with low grade.

  miRNA ID          Fold change   *p*-value (for differential expression)   *p*-value (for Kaplan-Meier analysis)
  ----------------- ------------- ----------------------------------------- ---------------------------------------
  hsa-miR-1290      6.637434524   0.000677545                               0.002
  hsa-miR-130b-3p   2.739766065   0.000060100                               0.000219
  hsa-miR-18a-3p    2.650116882   0.008929741                               0.018
  hsa-miR-20b-3p    2.584468384   0.005573321                               0.002
  hsa-miR-18b-5p    2.448427899   0.004124041                               0.000106
  hsa-miR-18a-5p    2.414778322   0.001592190                               0.002
  hsa-miR-19a-3p    2.327721751   0.018134388                               0.000063
  hsa-miR-130b-5p   2.244661947   0.014409822                               0.003
  hsa-miR-2115-3p   2.185830431   0.000548725                               0.005
  hsa-miR-181a-3p   2.159427281   0.002031566                               0.006
  hsa-miR-20a-5p    2.091467290   0.003359928                               0.018
  hsa-miR-551a      2.040395845   0.000117401                               0.01
  hsa-miR-106a-5p   2.002482024   0.002335051                               0.018

###### 

Functional DE-miRNAs downregulated in high grade BSGs compared with low grade.

  miRNA ID           Fold change   *p*-value (for differential expression)   *p*-value (for Kaplan-Meier analysis)
  ------------------ ------------- ----------------------------------------- ---------------------------------------
  hsa-miR-31-5p      0.242193258   0.043437372                               0.008
  hsa-miR-34a-3p     0.255557697   0.009441854                               0.009
  hsa-miR-34a-5p     0.275017363   0.004705412                               0.009
  hsa-miR-222-3p     0.325927536   0.026497715                               0.003
  hsa-miR-22-5p      0.332872896   0.000276640                               0.01
  hsa-miR-221-3p     0.368540489   0.023151489                               0.003
  hsa-miR-330-5p     0.403607288   0.003966542                               0.001
  hsa-miR-330-3p     0.415589277   0.028103053                               0.003
  hsa-miR-346        0.432038104   0.002762589                               0.005
  hsa-miR-3612       0.448188440   0.006232410                               0.002
  hsa-miR-497-5p     0.459734495   0.023555085                               0.002
  hsa-miR-342-5p     0.484462134   0.000242687                               0.001
  hsa-miR-195-5p     0.487513802   0.008719098                               0.01
  hsa-miR-1247-3p    0.489449441   0.016659026                               0.032
  hsa-miR-29b-1-5p   0.494125182   0.000357486                               0.018

###### 

Enriched functions for the target genes of the upregulated miRNAs.

  ID                            Description                                                                                                       *p*-value   *q*-value    Gene count   Fold Enrichment
  ----------------------------- ----------------------------------------------------------------------------------------------------------------- ----------- ------------ ------------ -----------------
  **Biological process (BP)**                                                                                                                                                           
  GO:0007409                    axonogenesis                                                                                                      2.71E-11    1.14E-07     64           2.44
  GO:0061564                    axon development                                                                                                  6.24E-11    1.32E-07     67           2.34
  GO:0035239                    tube morphogenesis                                                                                                3.53E-09    4.98E-06     51           2.43
  GO:0048732                    gland development                                                                                                 1.00E-08    1.06E-05     57           2.23
  GO:0051962                    positive regulation of nervous system development                                                                 2.24E-08    1.89E-05     61           2.12
  **Cellular component (CC)**                                                                                                                                                           
  GO:0044440                    endosomal part                                                                                                    9.40E-07    0.00019035   57           1.96
  GO:0005667                    transcription factor complex                                                                                      1.09E-06    0.00019035   42           2.21
  GO:0030424                    axon                                                                                                              1.28E-06    0.00019035   50           2.04
  GO:0017053                    transcriptional repressor complex                                                                                 1.69E-06    0.00019035   18           3.6
  GO:0010008                    endosome membrane                                                                                                 6.27E-06    0.00056354   51           1.92
  **Molecular function (MF)**                                                                                                                                                           
  GO:0001228                    transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding   2.70E-14    2.15E-11     69           2.7
  GO:0000982                    transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding          7.23E-13    2.87E-10     65           2.62
  GO:0001077                    transcriptional activator activity, RNA polymerase II core promoter proximal region sequence-specific binding     4.50E-12    1.19E-09     50           2.94
  GO:0001159                    core promoter proximal region DNA binding                                                                         5.13E-11    1.02E-08     59           2.5
  GO:0001047                    core promoter binding                                                                                             1.80E-10    2.86E-08     35           3.36

###### 

Enriched functions for the target genes of the downregulated miRNAs.

  ID                            Description                                                                                                       *p*-value   *q*-value    Gene count   Fold Enrichment   
  ----------------------------- ----------------------------------------------------------------------------------------------------------------- ----------- ------------ ------------ ----------------- --
  **Biological process (BP)**                                                                                                                                                                             
  GO:0048732                    gland development                                                                                                 3.46E-13    1.42E-09     74           2.46              
  GO:0007409                    axonogenesis                                                                                                      2.74E-11    5.34E-08     71           2.3               
  GO:0061564                    axon development                                                                                                  3.90E-11    5.34E-08     75           2.23              
  GO:0030900                    forebrain development                                                                                             1.30E-10    1.22E-07     62           2.38              
  GO:0097485                    neuron projection guidance                                                                                        1.48E-10    1.22E-07     46           2.8               
  **Cellular component (CC)**                                                                                                                                                                             
  GO:0030425                    dendrite                                                                                                          4.65E-11    2.22E-08     76           2.2               
  GO:0030424                    axon                                                                                                              9.94E-09    2.37E-06     61           2.15              
  GO:0043025                    neuronal cell body                                                                                                6.40E-07    0.0001017    59           1.95              
  GO:0031252                    cell leading edge                                                                                                 8.60E-07    0.00010247   52           2.03              
  GO:0005911                    cell-cell junction                                                                                                1.13E-06    0.00010805   57           1.94              
  **Molecular function (MF)**                                                                                                                                                                             
  GO:0000982                    transcription factor activity, RNA polymerase II core promoter proximal region sequence-specific binding          2.85E-13    2.29E-10     72           2.51              
  GO:0001228                    transcriptional activator activity, RNA polymerase II transcription regulatory region sequence-specific binding   1.83E-10    7.38E-08     67           2.27              
  GO:0001159                    core promoter proximal region DNA binding                                                                         5.19E-09    1.31E-06     60           2.2               
  GO:0001077                    transcriptional activator activity, RNA polymerase II core promoter proximal region sequence-specific binding     6.83E-09    1.31E-06     48           2.44              
  GO:0001047                    core promoter binding                                                                                             8.36E-09    1.31E-06     35           2.9               
                                                                                                                                                                                                          

###### 

Top 15 hub genes identified in the PPI network.

  Upregulated miRNAs        Downregulated miRNAs            
  -------------------- ---- ---------------------- -------- ----
  PHLPP2               80                          VEGFA    58
  APP                  45                          NOTCH1   48
  BCL2                 44                          BCL2     46
  RB1                  44                          FOS      46
  CCND1                41                          HDAC3    37
  SMAD4                38                          PPP3CA   36
  RBBP7                37                          SIRT1    36
  ESR1                 36                          SP1      34
  KAT2B                34                          CFTR     33
  NEDD4L               34                          KDR      32
  CUL3                 32                          MYB      31
  ATG7                 32                          ACTR1A   29
  CLTC                 32                          PRKCA    28
  ITCH                 31                          VAMP2    27
  UBE2B                31                          DICER1   26

*PPI* protein-protein interaction
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